Few traits are shared by all species of animals and plants. Movement is a noteworthy exception. Although many species seem permanently locked to a particular place, they inevitably move at some stage of their life cycles. The mobile phase can be adults, juveniles, or gametes. Species move for many reasons. Some move to seek food. Others move to avoid becoming food for someone else. Some move to seek favorable conditions. Others move to find a mate or an egg to fertilize. When these forms of movement occur over relatively short distances, they can play important roles in a wide range of ecological and evolutionary processes (Davidson et al., 2004) . Much of marine ecology has focused on the dynamics and consequences of such local interactions. give birth, and raise young. During the rest of the year, these individuals who interact so intensely on a small stretch of shore disperse to sites thousands of kilometers apart to feed (Le Boeuf et al., 2000) . Males and females feed in different areas and have different diets (Le Boeuf et al., 2000) .
As a result, the dynamics of many ecological systems that are widely separated across the Pacific Ocean are coupled in complex ways through the activities of individuals who move between them. Technological advances in satellite-tracked tags have revealed the nature of these spatial connections for a growing range of species with highly mobile adults (e.g., Eckert and Stewart, 2001; Boyd et al., 2002; Boustany et al., 2002; Block et al., 2005) . Given the large variability among species in their scales and M a r i N e P o P u l at i o N C o N N e C t i V i t y
Connecting Places
The ecological Consequences of Dispersal in the Sea patterns of adult movement, marine ecosystems each have a complex mosaic of connections with other places that may play key roles in population dynamics and species interactions (Gaines and Lafferty, 1995; Guichard et al., 2004; Wieters et al., in press ).
Yet another form of movement has garnered considerable ecological attention-the dispersal of young away from their parents. There are many potential reasons for offspring to flee the site of their birth (e.g., reducing competition, limiting inbreeding, spreading risks of shared catastrophes, reducing exposure to the pathogens and predators of their parents; Strathmann, 1980 Strathmann, , 1985 Palmer and Strathmann, 1981; Raimondi et al., 2004) . Dispersal of young can also occur as a by-product of choices that have little to do with the explicit benefits of moving. This may be especially true of animals in the sea. Since seawater is commonly a nutritious broth spiced with plankton, one potential reproductive strategy is to produce enormous numbers of very small larvae that fend for themselves, finding food in the plankton (Thorson, 1950; Strathmann, 1985) . Rather than having to provision each young with sufficient food to reach a large size, marine species can produce far more offspring with little nutritional investment in individual offspring.
The great majority of invertebrates and nearly all fish produce young that are microscopic and grow by feeding in the plankton. Larvae can spend days, weeks, or months drifting, eating, and growing in the plankton, and commonly increase in size by an order of magnitude. The potential fitness benefits from being able to produce minute young that can forage on their own, however, have a key side effect-larvae are dispersed away from their natal site as they drift and feed. Although their minute size and long residence period in the plankton have made it very difficult to track the dispersal of larvae directly, a variety of indirect measures of dispersal distances (e.g., genetic variation, rates of spread of exotic species, coupled biological and physical models; Grosberg and Cunningham, 2001; Palumbi, 2003; Kinlan and Gaines, 2003; Shanks et al., 2003; Cowen et al., 2006) suggest that larval dispersal can be large (see also Hedgecock et al., this issue and Werner et al., this issue). On average, offspring in the sea are typically dispersed much farther from their parents than offspring on land Kinlan et al., 2005) . Just as with adult patterns of movement, there is also enormous variability in propagule dispersal distances among species ( Figure 1 ). Scales of average propagule dispersal vary by more than six orders of magnitude, from meters to hundreds of kilometers. Even when average dispersal distances are large, however, some larvae can be retained quite close to their natal site (e.g., Swearer et al., 1999; Cowen et al., 2000; Jones et al., 2005;  Pineda et al., this issue).
a SiNGle iSol ateD PoPul atioN
Species' ranges commonly span large geographical areas (Stevens, 1989 (Stevens, , 1996 Lester et al., 2007) . The entire species population is invariably divided into a large number of subpopulations, whose dynamics are linked through movement. A full theoretical treatment of the dynamics of a population consisting of a series of interconnected subpopulations
is not yet possible, but many of the issues that might contribute to population persistence and dynamics are understood.
Even if we simplify the problem and focus on species that move only as larvae and are relatively sedentary as adults, understanding their population dynamics is a challenge from the views of both data and theory. A full understanding of the issues will eventually require interplay between both approaches. On the one hand, as we have noted, following the fate of dispersing larvae is very difficult. As a result, only limited information about dispersal is available in nearly all cases, though with animals that retain some kind of hard part that may record environmental signals, more information can be obtained (Zacherl et al., 2003; Warner et al., 2005; Levin, 2006, Thorrold et al., this issue) . On the other hand, understanding the dynamics of a ...nearly all marine ecosystems contain species with a rich diversity of life histories and patterns of movement that will drive an equally rich diversity of connectivity patterns.
species that is widely dispersed in space is a challenging theoretical problem even if full information were available. Thus, the challenge is for the theory both to provide guidance in the face of limited data and to identify the vital data that need to be collected in the future.
Considerable progress toward understanding the complex dynamics of a spatially structured population can be made by starting with a simpler problem-the persistence of a single isolated population (Botsford et al., 2001; Hastings and Botsford, 2006 Jones et al., 1999 Jones et al., , 2005 Almany et al., 2007; Becker et al., 2007 for recent successes).
This simple approach might seem limited to cases of an isolated island or Figure 1 . estimates of average propagule (spores or larvae) dispersal distances for more than 100 species (redrawn from Kinlan and Gaines, 2003) . estimates are derived from genetic variation among populations using slopes from plots of genetic isolation by distance (Palumbi, 2003; Kinlan and Gaines, 2003; Kinlan et al., 2005) .
isolated protected area, but it is important to emphasize that isolated is defined in terms of the dispersal potential of the organism under consideration. For example, for species like seaweeds, abalone, or many corals, whose offspring have fairly limited dispersal, even nearby reefs could be considered isolated from each other .
The focus on settings with no ecological connectivity serves to emphasize that it is the overall return to suitable habitat of dispersing larvae that is the key to Dispersal mechanisms and their timing have different consequences for dif-ferent species. For many marine invertebrates, the movement of larvae is the primary mechanism of dispersal, while many megavertebrates move as juveniles or adults (Gerber and Heppell, 2004) .
This idea can be formalized as a matrix population model that incorporates the movement from one life stage to another for a given species within and between two or more sites (Gerber et al., 2005) .
For example, one can consider dispersal rates among species or among sites with different oceanographic settings. It is also informative to model these varying dispersal rates for species that have different dispersal timing. For example, for gray whales and turtles, connections between sites may be modeled as adult (Gerber et al., 2005) . Species differ dramatically in the scales and spatial patterns of movement that connect sites. They also differ in where movement occurs within the life cycle. The matrix of sites and life stages with probabilities of movement between them forms the basis for modeling the dynamics of spatially structured populations. This simplified schematic highlights a scenario with multiple distinct patches (e.g., separate reefs on distinct islands, marine reserves versus unprotected sites, or multiple estuaries), illustrating a situation in which the mechanism of exchange can be (a) recruitment of larvae or newborns, (b) random exchange ("spillover") among adults and/or juvenile life stages, or (c) an ontogenetic shift in habitat use between sites. This generic model allows explicit incorporation of any or all of these transition probabilities. (Levins, 1969; Hanski ,1998 )sites undergo stochastic patterns of extinctions and recolonizations. Classical metapopulation dynamics have been widely explored in terrestrial habitats (Hanski, 1998) , but marine examples are rare by comparison (Spight, 1974 (Spight, , 1981 (Spight, , 1982 Kritzer and Sale, 2006) .
One of the best marine examples
comes from decades of records of the abundance of the giant kelp, Macrocystis pyrifera (Figure 3a) , along the coasts of California, USA, and Baja California, Mexico (Figure 3b ) (Kinlan, 2007; Reed et al., 2006) . (Dayton and Tegner, 1984, 1989; Ebeling et al., 1985; Edwards, 2004; Reed et al., 2006) . Time origin (e.g., Gaines and Roughgarden, 1985; Roughgarden et al., 1988; Caley et al., 1996) . Although this approach had heuristic value and spawned a surge of focus on the supply-side ecology of marine population and community patterns (Roughgarden et al., 1988; Underwood and Keough, 2001) , it ignored the additional key role of the spatial pattern of connectivity. , inc. from 1990 Kinlan, 2007) . Colored contours indicate the relative biomass of kelp forest canopy adjacent to the mainland coast. white patches indicate times and places where kelp subpopulations were not visible from the surface; since giant kelp grows rapidly, periods of six months or longer in which no surface kelp was observed represent likely local extinctions (reed et al., 2006) . Distances are measured in a coastline-following coordinate system, and represent the cumulative distance measured along the 1:250,000 world Vector Shoreline from a defined point in the south (near Punta eugenia, Baja California del Sur, Mexico) to the north (near Carmel, California, uSa) . Modified, with permission, from Kinlan (2007) and Reed et al. (2006) then the population will persist. This criterion has a nice heuristic description, but perhaps the major insight for marine systems is that it emphasizes the need to understand dispersal at a level that has rarely been achieved. However, of more immediate use, this result shows that sites that are merely sources (from which larvae are widely dispersed) or that are only good locations for settling are not enough for persistence-only locations that both receive and disperse larvae play a vital role. These general properties can sometimes be deduced from ocean currents, as we discuss below.
A different approach to persistence was undertaken by Botsford et al. (2001) who considered the simpler situation of equally spaced, equally sized stretches of suitable habitat placed uniformly along a coastline with larvae settling in a symmetric pattern around the point of release. In this case, a persistence criterion was defined essentially under an assumption of uniform production rates.
Here, either a sufficient fraction of the habitat had to be suitable if persistence arose from network considerations, or each individual suitable location had to be large enough relative to the mean dispersal distance of the focal species.
We have built up to an understanding of the role of connectivity in simple cases that are somewhat more complex than the single isolated patch, while noting that other factors, such as year-to-year variability or interactions among multiple species, will introduce further complications. Thus, the work of Hastings and Botsford (2006) was a useful first step focusing on the interplay between dispersal and local production, but much more needs to be done, especially in matching theory to the kinds of variability observed in data and matching data to theory. One way to gain insights into connectivity and persistence is through expanded studies of ocean currents and their projected role in movement (Cowen et al., 2000 (Cowen et al., , 2006 Siegel et al., 2003, in press) . Eventually, integrated studies using a variety of approaches (ocean currents, genetics, studies of invasive species, otolith studies) will allow further understanding of connectivity (Levin, 2006) .
Barrier S to CoNNeCtiVity
Just as ocean currents can facilitate connectivity among disjunct populations in the sea, they can also create leaky barriers to dispersal. These barriers are not absolute in the sense of large bodies of water or mountain ranges that prevent movement of terrestrial species. Rather, they act more subtly, retarding movement in one direction versus another (Gaylord and Gaines, 2000) . as we expand our ability to study patterns of connectivity with greater resolution within single species, we will be poised for more rapid exploration of their community and ecosystem level consequences. (Cowen, 1985; Cowen et al., 2000 Cowen et al., , 2006 Guizien et al., 2006; Aiken et al., 2007) .
Worldwide, distributional limits in many organisms cluster at shoreline locations where there are oceanographic discontinuities (e.g., convergent or divergent currents, or persistent eddies; Wares et al., 2001; Gaines et al., in press ). These so-called biogeographic boundaries are often assumed to arise due to the strong gradients in water properties (especially temperature) that accompany the collisions of different water masses. However, these oceanographic discontinuities also alter the directional character and intensities of mixing of waters transporting the larvae of adjacent populations.
As shown in a generalized context by Gaylord and Gaines (2000) , discontinui- The result is that distributions of dispersal distance become highly skewed, with many propagules settling within the confines of the source subpopulation (i.e., over scales of meters; Dayton, 1985; Santileces, 1990) , but with an appreciable subset also settling at far greater distances (Gaylord et al., 2002 . These latter propagules, those associated with the longer-distance tail of the distribution, provide the means for exchange among subpopulations that may be separated by hundreds of meters to kilometers. Other species that strongly interact with kelps, such as sea urchins, are characterized by quite different dispersal distributions. Their more routine long-distance dispersal couples sites much further apart, and as a result, larval input at any given site is mostly uncoupled from local production and instead reflects regional-scale production from many subpopulations.
Coastal marine ecosystems have served as a rich laboratory for studying species interactions (Connell, 1961; Paine, 1966; Estes et al., 1978; Duggins, 1980 ), but few of the studies undertaken consider how connections with other locations alter the dynamics. Although the effects on species interactions of external inputs of food and nutrients are well documented (e.g., Polis and Hurd, 1996) , the effects of exogenous inputs of juveniles have received less direct experimental attention (Gaines and Lafferty, 1995; Wieters et al., in press ). Do predator/prey dynamics differ when the patterns and scales of connectivity differ between predator and prey? How does the outcome of competition depend on the nature of connections with other subpopulations for the two competing species? These community-level questions regarding the role of connectivity have received theoretical attention for interactions between two marine species (Warner and Chesson, 1985; McLaughlin and Roughgarden, 1992; Gaines and Lafferty, 1995; McCauley et al., 1996; de Roos et al., 1998; Navarrete et al., 2000) , and the role of connectivity in metacommunity dynamics has received extensive theoretical discussion in analyses of terrestrial communities (Mouquet and Loreau, 2002; Leibold et al., 2004) , but empirical studies in the sea remain understandably rare (Wieters et al., in press). Even the extensive theoretical attention to the role of connectivity in the design of networks of marine reserves (Botsford et al., 2001; Sala et al., 2002; Gaines et al., 2003; Gaylord et al., 2005) , an inherently multispecies issue, has focused almost entirely on single species dynamics with no interactions (but see Guichard et al., 2004; Baskett et al., 2007) . As we expand our ability to study patterns of connectivity with greater resolution within single species, we will be poised for more rapid exploration of their community and ecosystem level consequences. 
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